Recently, some interesting findings on wave propagation inside a forest in the HFNHF frequency ranges were reported in [I]. It was found that for a vertical polarized wave over short ranges, the effective permittivity of the forest could be smaller than that of free space. One potential explanation for this finding is that the tree trunks act as vertical scatterers, resulting in the observed plasmonic behavior. A much simpler structure that has been discussed in the metamaterials community is the so-called cut-wire array, which comprises a periodic array of finite length metal wires [2] . In [3], we reported on the wave propagation phenomenon inside such a structure based on simulation and measurement data. The effective propagation constant of the dominant propagation mechanism was extracted and studied. Both the plasmonic cut-off and cut-wire resonance phenomena were observed at low frequencies. At higher frequencies, passband and stopband behaviors were seen, as would be expected from a periodic structure.
Introduction
Recently, some interesting findings on wave propagation inside a forest in the HFNHF frequency ranges were reported in [I] . It was found that for a vertical polarized wave over short ranges, the effective permittivity of the forest could be smaller than that of free space. One potential explanation for this finding is that the tree trunks act as vertical scatterers, resulting in the observed plasmonic behavior. A much simpler structure that has been discussed in the metamaterials community is the so-called cut-wire array, which comprises a periodic array of finite length metal wires [2] . In [3] , we reported on the wave propagation phenomenon inside such a structure based on simulation and measurement data. The effective propagation constant of the dominant propagation mechanism was extracted and studied. Both the plasmonic cut-off and cut-wire resonance phenomena were observed at low frequencies. At higher frequencies, passband and stopband behaviors were seen, as would be expected from a periodic structure.
There exist substantial differences between a periodic cut-wire array and a real forest. First, a real forest consists of trees that are randomly distributed in height, spacing and trunk radius. It is desirable to understand such randomization effects on the propagation mechanisms. Second, trees are typically located above a lossy dielectric ground. The ground may introduce considerable changes in the propagation mechanisms. Moreover, at HFNHF frequencies, the penetration depth of the tree trunk is usually larger than the trunk radius. Therefore, tree trunks behave more as penetrable dielectric rods than as metal wires. In this paper, we evolve our study in [3] to investigate the randomization and ground effects on the wave propagation mechanism in a cut-wire array. The methodology used is similar to that reported in [3] .
Results
Periodic Cut-Wire Array: A periodic cut-wire array structure, shown in Fig. I , is chosen as the baseline in our study. All the array elements are located above an infinite PEC ground plane. Each element has a height of 9cm and an inter-element spacing of 6cm. The radius of the wire is O.5mm. The array size is 6 along the x direction and 36 along the y direction. The Numerical Electromagnetics Code (NEC) is used to simulate the received fields at different distances from the transmitter across frequencies. The input mismatch of the transmitting antenna is removed by normalizing the received power with respect to the transmitted power. Fig. 2 shows the magnitude of the normalized transmission loss from the NEC simulation. Two stop bands are clearly observed, one from 850MHz to 1350MHz and the other from 2500MHz to 3000MHz. In this structure, 850MHz corresponds to the quarter-wave resonant frequency feo of the cutwire, while 1350MHz is the plasmonic cut-off frequency fe p • Note that different from an infinite-length wire array [4] , the plasmonic cut-off behavior is interrupted by the cutu.s. Government work not protected by U.S. copyright (I) wire resonance in the cut-wire array. At higher frequencies, repeated passbands and stopbands appear as expected of a periodic structure.
Random Height Effect: To see the effect of random wire height, we keep the spacing uniform while randomizing the height of the array elements based on a uniform distribution between 6cm and 12cm. Fig. 3 plots the magnitude of the normalized transmission loss. In the reference case, a distinct cut-wire resonance is observed. In the random height case, the cut-wire resonance is blurred due to different heights of the wires. The plasmonic cut-off frequency remains unchanged at 1350MHz and the higher frequency passbands and stopbands still appear, indicating that they are not strongly affected by the height randomization.
Random Spacing Effect: For the random spacing study, the position of each array element is perturbed based on a uniform distribution within a 6cm x 6cm cell, with the center of the cell corresponding to its position in the periodic array. The wire height is kept fixed at 9cm. Fig. 4 plots the magnitude of the normalized transmission loss for the random spacing case. At low frequencies, the cut-wire resonance phenomenon does not change from the reference case. It is interesting to note that even the plasmonic cut-off fe p appears to stay the same as in the periodic array. One explanation is that the perturbations in the element spacing are small compared to the wavelength so that fe p is only dependent on the average spacing in the randomly spaced array. At higher frequencies, the passband/stopband behavior disappears as the randomization effects become dominant when the wavelength becomes smaller. Dielectric Ground Effect: For the ground effect study, the relative permittivity and conductivity of the ground are chosen as 2 and 0.002S/m, respectively. The wire array geometry is unchanged from the reference case. The simulation is carried out using the Sommerfeld solution in NEC. Fig. 5 plots the magnitude of the normalized transmission loss. We see that the results change dramatically as compared with the PEC ground case. First, the cut-wire resonance feo nearly doubles from 850MHz to 1700MHz. This is because wires on a dielectric ground resonate at closer to half-wavelength instead of quarter-wavelength. Moreover, the received field strength is now strong below the plasmonic cut-off of 1350MHz while weak between 1350MHz and 1700MHz. This will be further discussed next. At higher frequencies, the passband and stopband behavior is not obvious.
Effective Propagation Constant: The propagation constant of the observed wave propagation can also be extracted from the phase of the complex received field. We apply the ESPRIT algorithm [5] to extract the dominant pone frequency at a time in the passbands. Fig. 6 shows the effective propagation constants for the reference case, the random height case and the random spacing case. It is seen that the extracted Pfor both the random height case and the random spacing case are close to the Pofthe uniform cutwire array. The Pversus frequency behavior for the uniform array can be qualitatively explained by the cut-wire formula reported in [2] :
where y represents the damping loss of the cut-wire resonance. We choose!ep to be 1350MHz,!eo to be 850 MHz and yto be 10 MHz. The resulting Pcalculated from (I) is plotted as the black curve in Fig. 7 and it shows the same behavior as our extracted Pin Fig. 6 . Eq. (I) could also be used to provide a possible explanation for the observed transmission loss behavior for the dielectric ground case in Fig. 5 . Instead of the 850MHz quarter-wave resonance in the PEC reference case, we use anleo value of 1700MHz in (I) to account for the half-wave resonance in the dielectric ground case. Without changing the value of fe p and rin (I) , we generate the resulting effective propagation constant, which is plotted in green in Fig. 7 . The curve shows that in the case when feo> fe p , the wave propagates below fe p while is stopped between fe p and feo. This is consistent with the observed transmission loss in Fig. 5 , where the field strength is strong below 1350MHz and weak between 1350MHz and 1700MHz.
Conclusion
In this paper, the randomization and ground effects on the wave propagation in a cut-wire array have been investigated. It is found that randomizing the height of the wires affects the low-frequency cut-wire resonance phenomenon, while randomizing the spacing between wires influences the high-frequency passband/stopband behaviors. The introduction of a lossy ground changes the propagation considerably, as the wire resonance shifts up to above the plasmonic cut-off.
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\ \ Figure 1 Cut-wire array geometry. Figure. 7 Theoretical beta behavior.
